., "Two Dimensional Wake Vortex Simulations in the Atmosphere: Preliminary Sensitivity Studies," AIAA Paper 97-0056, Jan. 1997) and eld measurement data. A shear-detection algorithm used to incorporate meteorological wind data is developed. Operational issues are also explored. The shear-thickness effects and the wind measurement resolution requirement and its sensitivity to the prediction algorithm are discussed. The objective of this work is to develop a computational method that is both accurate enough for the intended purpose and rapid enough to be of use in an operational setting at airports.
Introduction

A
IRCRAFT wake vortex behavior has been an important safety consideration in air-traf c management. Unanticipated encounters with wake vortices during terminal ight operations are highly undesirable. A signi cant effort is underway at the NASA Langley Research Center to develop the aircraft vortex spacing system (AVOSS), which will determine safe operating spacings between arriving and departing aircraft, on the basis of observed/ predicted weather state. 1 Atmospheric wind shear conditions can signi cantly in uence the motion of wake vortices, thus changing the duration that these vortices stay in the AVOSS-de ned aircraft approach corridor. 2 According to the NASA 1994 and 1995 eld measurement program in Memphis, Tennessee, 3 the descending wake vortices could stall or be de ected at the top of low-level temperature inversions after sunset. These temperature inversions are usually associated with pronounced shear zones.
Proctor et al.'s 1 tests indicated that the mechanisms responsible for the asymmetric de ection (i.e., one vortex in the vortex pair retains higher altitude than the other) in the trailing vortices could be deduced possibly from inviscid interactions between the vortex pair and shear layers. On the basis of that hypothesis, a vortex method model has been developed by Zheng and Baek. 4 In that model, the primary trailing vortex pair is representedby two opposite-sign point vortices. A shear layer is modeled by a layer of vortices with constant circulation. Figure 1 illustrates the initial distributions of vortices for simulating interactions between the wake vortex pair and the shear layer below it. Several examples of the interactions have been shown in Ref. 4 . The model simulation results have shown that if a shear layer is placed beneath the vortex pair with the same sign as the left vortex, the right vortex descends less than the left vortex. When the same shear layer is placed above the vortex pair, the right vortex descends more than the left one. This descent altitude difference increases with the shear-layer strength. Those trends are qualitatively in agreement with the prediction of the Navier-Stokes (N-S) simulations by Proctor et al. 1 The physical mechanisms were fully discussed in Ref. 4 and are brie y explained here. When the shear layer (with the same sign vorticity as the left vortex in the vortex pair) is below the vortex pair, the vortex pair approaches the shear layer and deforms the shear layer gradually. Some of the vortices in the shear layer are pushed downward, due to the induced downwash by the vortex pair, and some are lifted and wrapped around the vortex pair when the vortex pair is close to the shear layer. The opposite-sign vortices near the right vortex tend to reduce the vertical motion of the right vortex, similar to the mechanism of vortex rebound near the ground, which is due to the induced oppositesign secondary vortices from the ground boundary. Therefore, after some time of interactions, the right vortex descends less than the left vortex. If the same shear layer is placed above the vortex pair, the vortices in the shear layer are pulled in between the vortex pair, due to the shape of streamlines around the vortex pair. Because the vortices from the shear layer are in the middle of the vortex pair, they produce the opposite effects and induce upward motion on the left vortex and downward motion on the right vortex and eventually cause the right vortex to descend more than the left vortex.
The current study quantitatively compares the model results with Proctor et al.'s 1 N-S simulations with large-eddy turbulence models, as well as eld measurement data. 5 Because the vortex method is much faster than the N-S simulations, this model can be used for real-time vortex modeling on the basis of measured wind-shear pro les. An algorithm used to incorporate meteorological wind data is developed. Operational issues are also explored. The shear thickness effects and the wind measurement resolution requirement and its sensitivity to the prediction algorithm are discussed. The model used in this paper is the least complicated model that can include enough physics to simulate the asymmetric de ection of the vortex pair approaching a strong, concentrated shear. To the authors' knowledge, this paper was the rst effort in which such models were implemented for wake vortex prediction and validation. Simpler models were developed 6 by adding one term in a vortex decay equation to model the shear effects. However, those models are usually unable to properly simulate the physics and fail to predict correct vortex de ection trends under concentrated shear environment.
Model Validation
We have compared the model results with Proctor et al.'s 1 largeeddy turbulence model simulations. Two cases of strong shear (3 and 4 m/s shear in Ref. 1) have been chosen for comparison, and the results are shown in Fig. 2 . It can be seen that good agreement has been obtained for both cases, with differences at later times possibly caused by effectsnot included in the model, such as strati cation and turbulence in the large-eddy simulations. The right vortex, which has the opposite-sign circulation of the shear layer, shows better agreement in both cases. The reason is that the right vortex, which de ects from the shear zone due to interactions with the shear, is away from the ground boundary, and its trajectory is mostly determined by the shear/vortex interaction. Therefore, the model includes most of the physics for the behavior of the right vortex. On the other hand, the left vortex descends close to the ground and the ground secondary vortices also in uence its trajectory, an effect that the current model does not include. However, some overpredictions of the right vortex bounce were noticed. Because the shear-layer vortices are responsible for the bounce in the simulation, the reason is that the decay of the shear-layer vortices is not included in the model. The stronger (than reality) shear vortices cause extra de ection of the right vortex.
To validate the model via eld measurement data, the tower y-by data collected in FAA Idaho Falls (IDF) measurement have been selected for validation. 5 The ight tests utilized B757-200, B727-222, and B767-200 airplanes. Many of the tests produced inconclusive or incomplete data. For dif cult measurements such as aircraft wake vortices, which also require simultaneous meteorological measurements, the dif culty level of data interpretation can increase signicantly. Three cases,named run 22, run 9, and run 45, 7 are identi ed to be tested on typical shear-layer effects. The run 22 case (a B727-222 ight test) has a strong, concentrated shear layer with near-neutral strati cation. The run 9 case (a B757-200 ight test) has a strong but not so concentrated shear layer with stable strati cation. The run 45 case (a B757-200 ight test) has a weak, broad shear layer with stable strati cation. The surface wind pro les for these three cases were measured from meteorological measurement and are plotted in Fig. 3 . It has been noticed that the existence of a strong, concentrated shear requires special meteorological conditions, such as strong temperature inversions.
The decay histories and vortex behavior near the ground were measured in detail in IDF ight tests. Therefore, the model in Ref. 4 , which does not have decay and ground effects, needs to be modi ed to include these effects. Ground effects on vortex transport can be approximated in the model by using image vortices. The wakeinduced secondary vortices 8 near the ground are not simulated in the modi cation. Under the condition that a strong shear layer appears near the ground, the secondary ground vortices are likely to have negligible effects compared with shear effects. The ground then just behaves as a re ection boundary. Therefore, the equation used in the vortex method becomes
where z = x + i y andz is the complex conjugate of z, with y = 0 being the location of the ground boundary, and L is the periodic wavelength in the x direction (lateral direction) for the periodic boundary conditions employed in the x direction. Greene 9 and more recently Sarpkaya 10 have developed wake vortex decay models that include effects from strati cation and atmospheric turbulence. Greene's model also includes a term for the effects of viscous drag, although with minor contribution relative to the other terms. 10 If buoyancy force and viscous drag are ignored, both models give an analytical solution in the exponential function form
where k depends on the atmospheric turbulence intensity, and C and C o are the instantaneous and initial circulations of the wake vortices, respectively. In Greene's model, the decay coef cient k is a function of atmospheric turbulent kinetic energy (TKE), whereas in Sarpkaya's model, it is a function of turbulent-eddy dissipation rates and Brunt-Vaisala frequency of strati cation. Unfortunately,
Vortex decay histories Trajectories
Altitude histories Lateral motion histories there were no simultaneous TKE and dissipation rate measurement data in IDF data set for the three test cases. Therefore, in the following validation cases, the values of k are based on the least-squares curve tting of the measured circulation decay data (of both right and left vortices) for the exponential base function in Eq. (2). The circulation decay histories for the model and the measured data are shown graphically in each of the following cases (later in Figs. 4-6) , and the least-squares tted values of k are listed in Table 1 . It should be noted that the negative circulation data in measurement, which are nonphysical and were caused by the loss of signal of vortex tracking, were not accounted for in the least-squares tting for determining the k values. The wake vortex decay coef cient, k, is then used in the vortex method Eq. (1) but only for the circulation of the vortex pair. 
Altitude histories Lateral motion histories The purpose is to mimic the effects of atmospheric turbulence on the wake vortex pair, which decays the strength of wake vortices. The circulations of shear vortices remain unchanged. An automated shear detection algorithm (ASDA) has been developed to read in the wind measurement data and output the shear information as input for the vortex model. The algorithm is explained in the following ow chart: read in meteorological data ! cubic spline curve tting ! output results obtained from curve tting ! determine the maximum slope ! nding the location of strongest shear ! using the least-squaresinterpolation to determine the shear-layer strength. Figure 3 is part of the output from ASDA's spline-curve-tting subroutines. In identifying the shear-layer information for the model input, the algorithm performs best when the strength and location of a strong, concentrated shear can be clearly determined. The shearlayer properties as output of ASDA for the three test cases have been listed in Table 1 . Each procedure in ASDA is coded with a subroutine of FORTRAN 90 programs. The cubic splines and least-squares interpolations call the subroutines in the International Mathematics and Statistics Library. To verify the performance of ASDA, the parameters output by ASDA were compared with those determined on the basis of the case-by-case hand calculations and showed very close agreement.
In Table 1 , the shear properties in the model are related as
where u 1 and u 2 are the wind velocities at the top and bottom of the shear layer, respectively; H is the thickness of the shear layer; C s is the circulation of the vortices in the shear layer used in the model;
and Figures 4-6 are the comparisons among the measured and calculated circulation decay, vortex trajectories, and altitude and lateral position histories for both the right and left vortices in the wake vortex pair for the three cases. Figure 4 shows that in run 22, the model predicts the de ection of the right vortex very well, which is caused by a strong shear below the wake vortex pair. Rebound of the left vortex is underpredicted, possibly because it is closer to the ground and viscous ground effects 8 might play a role. Figure 5 is run 9 and still shows reasonable agreement between the model and the measured data, although the shear is slightly broader in this case. The overprediction of the right vortex de ection can be attributed to the same reason as stated: the excluded decay of shear-layer vortices in the model. It has been noted in Ref. 4 that the shear/vortex interaction model performs best when there is a concentrated, strong shear, which is the case in run 22. Therefore, in the case of a weak, broad shear, as in run 45, Fig. 6 shows discrepancies in trajectory histories between the model data and the measurement. In this case, the shear layer is spread between 24 and 146 m from the ground. According to Table 1 , the shear is located both above and below the wake vortex pair. The right vortex, which has the opposite-sign vorticity of the shear, approaches very close to the ground, and the viscous effects of the ground should be more important than the shear effects. The excessive lateral motion of the right vortex in the model results is also caused by the closeness of the right vortex to the ground, which produces strong interactions between the right vortex and its image vortex at the negative side of the ground boundary. However, the predictions of the left-vortex trajectory seem reasonable, because now the left vortex is farther away from the ground than the right vortex.
Shear Thickness Effects and Wind Measurement Requirement for the Model Input
In Eq. (3), the shear thickness H is related with the resolution of wind measurement from the NASA AVOSS operation point of view. According to the meteorological pro le in the AVOSS wind analysis system developed by MIT Lincoln Laboratory, 11 it now has a 15-m resolution from 15 to 150 m and a 50-m resolution from 200 to 1400 m. We have conducted model simulations to determine the resolution requirement for the input in our model for the shear strength based on Eq. (3). The purpose is to test the sensitivity of the trajectory prediction against the resolution of the wind pro le measurement. Figure 7 illustrates the resolution issue in the measurement: what happens if the same wind pro le, quanti ed by u 1 and u 2 , is measured with resolution of H 2 , which is different from the real shear thickness H 1 ? Figure 8 shows sensitivity tests when the shear thickness is half of the initial vortex-pair spacing (0.5 B o , where B o = 25 m), compared with the shear having the same measured wind speed but a more Of course, this is assuming that there is only one strong shear layer (@u/ @y = const) within the 30-m range. In fact, none of the wind pro les in the IDF measurement 5 showed more than one strong shear layer within 30 m. Figure 8 also shows that if the resolution is more than four times the real shear thickness, the errors become large.
Conclusion
The wake vortex/shear interaction model has been validated by using both N-S simulations with large-eddy turbulence models and the eld measurement data. It has been shown that when the vortex is not very close to the ground boundary and there exists a strong shear layer in the atmosphere, the model predictions have good agreement with the measurement data. The model can accommodate the wind pro le resolution from meteorological measurement. A sensitivity test shows that with a concentrated shear, vortex de ection can still be simulated within reasonable accuracy when the wind measurement resolution is two times coarser than the shear-layer thickness. For a wake-generating aircraft the size of a Boeing 757-200, the wind measurement resolution can be as coarse as 30 m. An automated shear detection algorithm used to preprocess the meteorological wind measurement for the model input has been developed and tested. Implementation of the model for real-time prediction is feasible because of the reduced computer time compared with N-S simulations and the proper ow physics included to predict the asymmetric de ection of the wake vortices.
